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Abstract 
Anti-microbial polymers are an important class of materials which are catching attention of the researchers 
worldwide in view of the fast increase in resistance to antibiotics by the microbes. Factors like molecular weight of 
the polymer, hydrophobic nature or length of the side chain, and nature of the cation and anion mainly affect their 
efficacy. Structure-property relationship in polymers also affects their activity, and present work reports synthesis of 
a series of new class of anti-microbial polymers by chemoenzymatic route initially employing lipase as the 
biocatalyst. The pendant nitro groups of the monomer were reduced to amino groups and the monomer was 
subsequently polymerized and the amino groups were quaternized using different alkyl bromides. The bromide 
counter anions on the polymer were exchanged with OH-, CF3COO-, Cl- or HSCH2COO- to generate a series of new 
polymers. Properties of the synthesized polymers were characterized by XRD, SEM, FT-IR and NMR spectroscopy. 
Anti-microbial activity of these new polymers were also investigated against gram (-) bacterium (Citrobacter 
freundii) and fungi. 
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1.  Introduction 
Search for the effective anti-microbial materials has become imperative in view of the fast increase in 
the resistance to antibiotics by the microbes. A new class of polymers, known as anti-microbial polymers 
that are capable of killing the pathogenic microbes, is a fast emerging area of research [1]. These 
polymers have potential applications against the bacterial infection in biomedical devices such as 
catheters or implants [2], textiles and polymeric surface coatings [3]. 
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The polymers having quaternary ammonium structure have been reported in various applications            
[4-12]. The quaternized ammonium compounds (QAC) and their polymers exhibit strong antimicrobial 
activity. The polymers are non-toxic toward mammalian cells and are safe for use in biomedical 
applications. Mechanism of action of antimicrobial polymers involves an initial adsorption on the 
microbial cells and consequent electrostatic interactions with the phospholipid bilayer [13]. These 
interactions disrupt the integrity of the cytoplasmic membrane and result in the respiratory inhibition and 
intracellular coagulation [14]. The interaction, between the cationic nitrogen of antimicrobial polymers 
and phospholipid bilayer of the microbes which becomes negative at the physiological pH, is responsible 
for the polymers exhibiting antimicrobial action [15]. Anti-microbial polymers which have quaternary 
ammonium or pyridinium ions in the chains with variable alkyl chain length apart from the anti-microbial 
properties also possess catalytic, emulsifying and water-softening properties [16]. These properties, 
especially the anti-microbial properties are directly related to the quaternary nature of nitrogen. 
Researchers are exploring anti-microbial properties of polymers having cationic moieties. Charge on 
nitrogen, length of the alkyl chain, the molecular weight and hydrophilic nature of polymer are strong 
determinants those affect the efficacy of the polymers exhibiting antimicrobial properties [17,18]. 
Moreover, the nature of anion also strongly affects the efficacy of these polymers.  
In continuation to the earlier work on the anti-microbial polymers [19,20], in the present work, 
synthesis of a series of new polymers and investigation of their anti-microbial properties against a gram  
(-) bacterium and two fungi are reported. The effect of alkyl chain length and nature of the counter anion 
was also investigated to establish structure-property relationship of the synthesized polymers. A new 
monomer, p-nitrophenyl acrylate, was synthesized by the lipase-catalyzed reaction. The pendant nitro 
groups of the synthesized p-nitrophenyl acrylate were reduced to amino groups and subsequently 
polymerized and quaternized via post reactions using four alkyl bromides of varying chain length.  
After quaternization the obtained polymer has Br- as a counter anion. The counter anion was replaced 
with anions such as Cl-, OH-, CF3COO- or HSCH2COO- by anion exchange reaction to generate a series 
of eight polymers [21]. Polymers, thus prepared, were characterized by various techniques and their          
anti-microbial properties were evaluated against two fungi (Aspergillus niger and Mucor circenelliods) 
and one bacterium (Citrobacter freundii) by the minimum inhibitory concentration (MIC) method using 
fluconazole and clotrimazole or penicillin, respectively, as the reference.   
2.  Experiment 
2.1. Materials 
Acrylic acid (Merck, Schuchardt, Germany), p-nitro phenol, lipase (HiMedia Lab. Pvt. Ltd., India),           
2-butanone (Merck, Schuchardt, Germany), zinc dust (RFCL Ltd., New Delhi), methanol (CDH, Delhi, 
India), formic acid (Merck, Mumbai, India),  hydrazine, ethyl ether, sodium chloride, butyl bromide, octyl 
bromide, hexadecyl bromide (SD Fine-Chem, Ltd., Mumbai),  hexyl bromide (Sigma-Aldrich),  were 
used as  received. Potato dextrose, inoculating loop (HiMedia Lab Pvt. Ltd., India), clotrimazole, 
fluconazole and penicillin were used as received. The test organisms Aspergillus niger and Mucor 
circenelliods (fungi) and Citrobacter freundii (bacterium) was obtained from the Department of 
Biotechnology, Himachal Pradesh University Shimla, India. 
2.2. Synthesis and post reaction of poly(p-aminophenyl acrylate) with different alkyl bromides 
Synthesis of the p-nitrophenyl acrylate was carried out by esterification method that involved reaction 
of  acrylic acid and p-nitrophenol (1:1 molar ratio) in the presence of lipase (1% of the total weight of acid 
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and alcohol) at 45 qC for 10 -12 h in Chemical Reactor (IKA DTS-D4, Autochem). The synthesized ester, 
p-nitrophenyl acrylate, was dissolved in methyl ethyl ketone to remove lipase and was washed with           
the distilled water thoroughly (3 to 4 times) to ensure that it is free of impurities. The synthesis of             
p-aminophenyl acrylate was carried out by reduction of nitro group of p-nitrophenyl acrylate to amine as 
follows. Equimolar mixture of hydrazine hydrate and formic acid (85% solution in distilled water) was 
reacted over ice bath under constant stirring to obtain hydrazinium monoformate (solution used for 
reduction). The mixture of p-nitrophenyl acrylate (5 mM) and zinc dust (10 mM) in methanol (3 mL) was 
reacted under nitrogen atmosphere for 5-10 min with constant stirring at ambient temperature separately. 
Hydrazinium monoformate (2 mL) was added to the above reaction at room temperature which resulted in 
the reduction of the nitro group. Thereafter diethyl ether was added which was followed by the addition of 
the saturated solution of sodium chloride to remove the hydrazinium monoformate. The organic layer free 
from hydrazinium monoformate was separated using separating funnel and dried at ambient temperature 
to yield p-aminophenyl acrylate. 
Polymerization of p-aminophenyl acrylate was carried out by dissolving p-aminophenyl acrylate (5 g) 
in a minimum quantity of the distilled water and heating at 70 qC for 5 h to obtain a yellow coloured solid 
poly(p-aminophenyl acrylate) which was separated by dissolving in the minimum quantity of distilled 
water and precipitated by adding acetone. It was dried in hot air oven at 40 qC. Finally, quaternization was 
carried by reacting poly(p-aminophenyl acrylate) (1 g) with an excess of alkyl bromides separately at            
50 qC for 5 h to ensure full quaternization of the –NH2 group on the polymer to quaternary ammonium 
group yielding a series of quaternized polymers. The unreacted alkyl bromides were decanted off and the 
polymer was separated by washing with acetone and dried in hot air oven at 40 qC.  
2.2. Characterization of polymers 
Synthesized polymers were characterized by FTIR Spectroscopy, NMR spectroscopy and XRD. FTIR 
spectra were recorded on Nicollet 5700 in KBr. NMR spectra were recorded on JEOL 400 MHz 
spectrophotometer in D2O. X-ray diffraction patterns of samples were recorded on PAN Analytic XRD 
with XPERT-PRO diffractrometer system at the wavelength of 1.5406 Å (Cu-KĮ radiation). The 
diffraction angle 2ș was varied from 10 to 70°. 
2.3. Anti-microbial activity study  
The anti-microbial activity of different polymers were studied against fungus Aspergillus niger, Mucor 
circenelliods and Gram (-) bacterium Citrobacter freundii. The anti-microbial activity was calculated by 
minimum inhibitory concentration (MIC) method, i.e. the lowest concentration of the compound that 
inhibited the visible growth of microbes. The determination of MIC involves a test procedure, which 
gives an approximation to the least concentration of anti-microbial agents to prevent microbial growth. 
The susceptibility testing was carried out by conventional serial dilution and finding the MIC in 
respective nutrient medium. The protocol involves the addition of sample compound to the medium 
following the method of serial dilution. The cultures of fungus were maintained on the potato dextrose 
agar slants (1% boiled potato 20% dextrose, and 2% agar) at 3.5 pH. The media (2.5 mL) was taken in 
different test tubes and was autoclaved at 121 ºC and 15 psi pressure for 20 min. Thereafter known 
concentration of polymers (1000 μg/mL to 62.5 μg/mL) were added to the test tubes for two of the fungus 
and were inoculated in laminar flow with 15 μL spore suspension of the given fungus. The test tubes were 
incubated at 30 °C for 5 d. The minimum amount of the compound that inhibited the growth of fungus, 
i.e., MIC was calculated and compared with standard fungicide (clotrimazole or fluconazole). Similar 
method was adopted to study anti-bacterial activity of the polymers. The nutrients broth (2 mL) and 
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different polymer (100 μg/mL to 20 μg/mL) were autoclaved and then inoculated in laminar flow with 
100 μL of bacteria (Citrobacter freundii) with the help of inoculating loop. The inoculates were then 
incubated at 55 °C with shaking at 160 rpm for 48 h. MIC method was used to check the inhibition of the 
bacterial growth using penicillin as reference. All experiments were set up in duplicate to evaluate their 
repeatability, and control experiment with polymers was also set up.  
2.4. Effect of anion exchange on antimicrobial activity   
The polymer quaternized with butyl bromide was observed to exhibit the best biocidal activity both 
against bacteria and fungi out of four polymers studied. Thus this polymer was selected for carrying out 
anion exchange reactions. The saturated solutions of polymer were separately mixed and constantly 
stirred for 30 min with the saturated solutions of four different sodium salts having hydroxide, chloride, 
triflouroacetate, thioglycolate as the anions. These were separated from the solutions by precipitation with 
acetone and dried in air oven at 40 ºC. The antimicrobial activity of the polymers thus obtained having 
different anions was studied by following the same protocol as delineated above in a concentration range 
from 500 μg/mL - 31.25 μg/mL, 80 μg/mL - 1 μg/mL concentration range of both fungus and bacteria, 
respectively. 
3.  Results and Discussion 
A series of trialkyl poly(p-ammoniumphenyl acrylate) bromide was synthesized with different 
alkylating agents as per the Figure 1 and characterized by XRD and NMR spectroscopy. 
 
Fig. 1. Scheme for synthesis of new series of bioactive polymers 
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3.1. Characterization of polymers 
1H NMR spectrum of p-nitrophenyl acrylate has signals at 8.909 and 7.616 ppm which are due to the 
presence of phenylic protons. The doublet at 5.89 ppm and other doublet at 6.03 ppm are observed due to 
vinylic proton. Spectrum of p-aminophenyl acrylate, obtained after the reduction of nitro group to amino 
group, apart from the peaks due to the vinyl and phenyl protons, has a distinct peak at 4.566 ppm due to 
the N-H proton. In the spectrum of the polymer new signals appeared at 3.3 - 3.2 ppm, and 2.9 - 1.9 ppm 
confirming polymerization. After quaternization of the amino groups, signal of the spectrum at 4.566 ppm 
due to the -NH protons disappeared confirming the quaternization reaction.  
The signals at 1.6 - 1.8 ppm appeared due to the saturation which confirmed polymerization of the 
monomer bearing amino group. There appeared more peaks near 1.8 - 1.4 ppm showing saturation due to 
the protons of the alkyl chain. The interpretation of different NMR spectra unambiguously confirms the 
formation of different products at various steps including the formation of the targeted polymers.  
 
Fig. 2. XRD Spectrum of poly[p-aminophenyl acrylate] Fig. 3. XRD Spectrum of   tributyl poly[p-ammoniumphenyl 
acrylate] bromide 
 
XRD investigations clearly revealed that the synthesized polymers were of crystalline nature. Degree 
of crystallinity (not calculated) depends upon the counter ions. XRD pattern of poly(p-aminophenyl 
acrylate) presented as Figure 2 has various broad peaks between 10 - 22q (2ș) indicating highly ordered 
structure and highly crystalline nature of the polymer. The intensity of peaks is quite high at 10q (2ș) and 
at 70q (2ș) in comparison to other XRD patterns. The broad peaks at value 22 - 55q (2ș) confirmed its 
crystalline nature but peaks between 10 - 22q (2ș) and 55 - 70q (2ș) are quite narrow showing 
quaternization of polymer and also confirmed that chain length did not affect the crystallinity of tributyl              
poly(p-ammoniumphenyl acrylate). Same type of explanation could be given in other cases with only 
difference in the intensity of the peaks between 10 - 22q (2ș) and 55 - 70q (2ș) which is quite low. It is 
thereby confirmed that with an increase in the chain length of polymer the peaks at 22 - 55q (2ș) changed 
slightly after quaternization as shown in Figure 3. Hence, it confirmed that all the polymers synthesized 
have high degree of crystallinity and the chain length did not change the properties of polymer drastically.   
3.2. Anti-microbial activity 
The anti-microbial activity of the polymers is attributed to the ability of the polymers to disrupt the cell 
membranes of the microbes resulting from the interaction of the polymers with the microbial cell wall.  
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Fig. 4. MIC of different polymers against three microbes in μg/mL 
Anti-microbial activity exhibited by the polymers is driven by two forces: the electrostatic forces 
between the cationic groups of polymer and negatively charged cell membrane and the van der Walls 
forces between the hydrophobic moieties of polymer chains and phospholipids of the cell wall [22]. On 
contact with the polymer surface microbial cell membrane is disrupted and microbe biofilm formation is 
prevented. Most of the polymers exhibit stronger anti-bacterial activity than the anti-fungal activity which 
is due to the differences in the structure of the cell wall of fungi and bacteria. At the physiological pH, 
cell wall of bacteria is negatively charged and the cationic polymer strongly adsorbs and interacts with the 
bacterial cell wall. C. freundii is a gram negative bacterium with cell wall made up of a 
peptidoglycan layer and an outer membrane comprising of phospholipids and lipopolysaccharides, and 
the cell wall has an overall negative charge. On the other hand, the cell wall of a fungus is mainly made 
up of chitin which has strong hydrogen bonding between different polymeric chains. Thus, the structure 
of the fungal cell wall is not easily disrupted by the anti microbial polymers. Hence, the cationic polymers 
exhibit higher biocidal activity against the bacteria than fungi. The differences in the MIC values are 
explained by anion effect on the polymer. Since the changes in the polymer structure after anion exchange 
are anion dependent, the extent of interaction between the cationic centre of the polymer and cell walls of 
the microbes are also anion-dependent.  
 
Fig. 5. MIC of different polymers against three microbes in μg/mL after ion exchange 
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A strong anti-bacterial activity with the lowest MIC of 80 μg/mL was exhibited by tributyl poly(p-
ammoniumphenyl acrylate) bromide against gram (-) bacteria Citrobacter freundii which have 
considerably complicated cell-wall structure with less porous outer layer, Figure 4. 
The anti-fungal activity was studied against the A. niger and M. circenelliods. Standard drugs 
penicillin, clotrimazole or fluconazole, respectively, did not show activity against the bacterium or fungi 
at the concentration range studied. The anti-fungal activity with the lowest MIC value 500 μg/mL is given 
in Figure 4. The anti-fungal activity emanates from the inhibition of synthesis of or direct interaction of 
polymers with ergosterol, which is the predominant component of the fungal cell membrane and the result 
in disruption of cell membrane and prevention the microbe biofilm formation [23,24]. The polymer 
structure induces ion exchange on the fungal cell wall, causing divalent ions from the fungal cell wall to 
move out of the membrane resulting in the loss of membrane integrity [25]. It was observed that              
the anti-microbial activity of polymers was alkyl chain length dependent as the MIC value of tributyl 
poly(p-ammoniumphenyl acrylate) bromide was observed to be the lowest as it has minimum chain 
length, hence efficient contact at the initial stage, which is necessary condition to follow carpet 
mechanism [19,20]. All the polymers having OH-, Cl-, CF3COO- or SHCH2COO- counter anions 
possessed very high efficacy as anti-microbial agents and anti-bacterial of all polymers were found to be 
stronger than the standards used. However, anti-microbial activity was also observed to be anion-
dependent as MIC of polymer having Cl- as counter anion was observed to be 250 μg/mL against fungi 
and also against the bacterium with the MIC value of 60 μg/mL presented in Figure 5.  
  
Fig. 6. Photographs of microbes treated with polymers and untreated microbes (a) bacterium, (b) and (c) fungi. 
Photographs depicting comparison of microbes treated with polymers and untreated microbes are 
shown as Figure 6. These clearly indicate differences in presence of microbes treated with the anti-
microbial polymers as compared to the untreated samples that show maximum growth of the microbes. 
4.  Conclusion 
A series of trialkyl poly(p-ammoniumphenyl acrylate) bromides were synthesized and then subjected 
to anion metathesis reaction by anion exchange. In the present study the anti-microbial activity of 
polymers against both the test organisms was observed to be dependent on the nature of test organism, 
alkyl chain length and nature of counter anion on the polymers. It came out from this study that the alkyl 
chain length and structure of anion affected the alignment of the polymer chain suggesting a mechanism 
akin to the carpet mechanism. The longer chain length was not observed to be effective in both the cases. 
There is strong evidence to suggest that structure of the anion has profound effect on the structure-
property profile of the polymers. The structural activity relationship is evident as polymer having Cl- as a 
counter ion exhibited the strongest anti-fungal activity with MIC values 250 μg/mL against A. niger and 
M. circenelliods. The MIC values of polymers studied against the Gram (-ve) bacterium was very low as 
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compared to the standard drug penicillin. These results are significant as the polymers synthesized by a 
simple green chemoenzymatic method are potent and wide spectrum anti-microbial agents.         
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